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SUMMARY 

Detailed flow moaourementa made in the caeing boundary layer of a twootage tran- 
sonic fan are oummarized. Theao moaoureroentn were taken at stations upstream of the 
fan, between all blade rows, and downstream of the last blade row. At the design tip 
speed of 429 m/sec the fan achieved a peak efficiency of 0.846 at a pressure ratio of 
2.471. The boundary layer daca were obtained at three weight flows at the design speed; 
one near choke flow, one near peak efficiency, and one near stall. Conventional bound- 
ary layer parameters were calculated from the data measured at each measuring station 
for each of the three flows, A classical two-dimensional casing boundary layer was 
measured at the fan inlet and extended inward to approximately 15 percent of span. 

A highly three-dimensional boundary layer was measured at the exit of each blade row and 
extended inward to approximately 10 percent of span. The steep radial g>adlent of axial 
velocity noted at the exit of the rotors was reduced substantially as the flow passed 
through the stators. This reduced gradient is attributed to flow mixing. The amount of 
flow mixrng was reflected in the radial redistribution of total temperature as the flow 
passed through the stators. The data also show overturning of the tip flow at the 
stator exits that is consistent with the expected effect of the secondary flow field. 

The blockage factors calculated f,om the measured data show on Increase in blockage 
across the rotors and a decrease across the stators. For this fan the calculated block- 
ages for the second stage were essentially the same as those for the first stage. 
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skin friction coefficient, eq. (B 6 ) 

specific heat at constant pressure, 1004 J/kg K 

diffusioi factor, eq. (Al) 

axial compressible form factor, eq. (B4) 

axial incompressible form factor, eq. (B5) 

blockage allowance, 1 - Kt, 

blockage factor, eq. (All) 

design blockage allowance, K 2 + K 3 

calculated blockage from measured data, Kj + K 2 

equivalent blockage allowance associated with design end-wall loss 

design blockage to account for tempering of design end-wall loss gradient 
relative to actual (measured gradient) 

blockage resulting from nonaxisymmetric flows, eq. (A12) 

Mach number 

rotative speed, tpm 

total pressure, N/ora^ 

static pressure, N/cm^ 

Prandtl number, 0.71 

universal gas constant 

radius, cm 

total temperature, K 
static temperature, K 

wheel speed, ra/sec; boundary layer air velocity, m/sec 
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boundary layer dictance from wall 

axial diatanoe referenced from rotor-blado-hub leading edge, cm 
relative air angle (angle between air velocity and axial direction), deg 
ratio of opecific heats 

ratio of rotor-inlet total pressure to standard pressure of 10il3 N/cm^; 
edge of boundary layer distance 

displacement thickness, eg. (B3> 

efficiency 

ratio of rotor-inlet total temperature to standard temperature of 288.2 K; 
momentum thickness, eg. (B2) 

dynamic viscosity 

density 


eg. (BlO) 

solidity; ratio of chord to spacing 
flow coefficient, eg. (A7) 
head-rise coefficient, eg. (A6) 
temperature-rise coefficient, eg. (A9) 
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INTRODUCTION 

The strong influence of end-wall flows on compressor perforraanoo is well rec- 
ognized, The potential benefit of being able to model those flows in multistage axial- 
flow compreosoifi ie evident by the large number of rosoarchers who have treated various 
aspects of the subject over the years. The results of some of this resoatch are pre- 
sented in references 1 to 13 and summarized by Hirsch and Denton in reference 14. This 
modeling effort has treated, in addition to what might be considered the more classical 
annulus end-wall boundary layer approach, the influence of the various secondary flows 
on both the through-flow and tangential-flow radial gradients. The secondary-flow 
effects that have been considered Include the passage vortex, flows duo to secondary 
stresses, corner vortices, leakage flows, and the migration of the blade surface bound- 
ary layers, which tend to accumulate in the end-wall regions. Koch and Smith in refer- 
ence 15 present a method for calculating the design-point efficiency potential of a 
multistage compressor that is based to a large extent on modeling the end-wall flows, 
Adkins and Smith in reference 16 present an approximate method to account for spanwiso 
mixing in design through-flow calculation procedure. The spanwise mixing that occurs 
in a multistage axial-flow compressor is recognized to have a strong Influence on the 
extent of the apparent end-wall boundary layer and thus on energy addition and losses. 
The Adkins and Smith procedure takes into account main-stream non-free-vortex flows, 
end-wall boundary layers, blade-ond clearances, blade-end shrouding, and blade-surface 
boundary layer and wake centrifugation on flow mixing. 

The success of the various modeling efforts is highly dependent on adequate experi- 
mental data for developing, extending, and validating the various features of the end- 
wall flow models. The NASA Lewis Research Center has a strong interest in the modeling 
of the end-wall flows in turbomaohinery and in the validation of these models. The 
objective of this study was to obtain detailed flow measurements in the casing boundary 
layer of a two-stage transonic fan in order to expand on the somewhat limited experi- 
mental data base available from high-speed, hlgh-presoyre-ratio multistage fans and 
compressors for use in modeling and code verification. 

The aerodynamic design along with the overall and blade-element performance of this 
fan is presented in reference 17. Data from this fan were used as a test case by the 
AGARD Propulsion and Energetics Panel, Working Group 12, for through-flow calculations 
in axial turbomachines. The results of that effort are presented in reference 14. 

The flow measurements made in the casing boundary layer of this fan are presented in 
detail in reference 18 in both tabular and graphical forms. The data presented herein 
include the radial distributions of various flow parameters along with calculated bound- 
ary layer parameters baaed on the flow measurements. Data are presented for stations 
upstream of the fan, between all blade rows, and downstream of the last blade row for 
three weight flows at design speed: one near choke flow, one near peak efficiency, and 
one near stall. 

DeRuyok and Hirsch of the Department of Fluid Mechanics, Vrije Unlversiteit-Brussel, 
Brussels, Belgium, calculated the boundary layer parameters for this fan by using their 
end-wall boundary layer prediction method for multistage axial-flow compressors (ref. 
13). Their calculations used as input the aerodynamic design for the two-stage fan to 
include the running clearance for the blading and the flow points at which data were 
obtained. Comparisons between measured and predicted velocities in the end-wall region 
are presented by deRuyck and Hirsch in reference 19, 

The experimental data were obtained from tests conducted in the multistage com- 
pressor test facility at the Lewis Research Center, National Aeronautics and Space 
Administration, Cleveland, Ohio, U.S.A. 


APPARATUS AND PROCEDURE 
Two-Stage Fan 

The overall design parameters for the two-stage fan are presented in table I. Flow 
blockage allowances are presented in table II. The flow path and axial locations of the 

measuring stations are shown in figure 1. The two-stage fan assembly is shown in fig- 
ure 2. One obvious feature of this fan is the unusually large axial spacing between 

blade rows. It was configured this way to provide a fan representative of one designed 

to minimize blade-row interaction noise. Figure 2 shows the fan with casing treatment 
over the rotors. However, when taking the boundary layer data, solid inserts were 
installed over the rotor tips. 

The fan was originally designed with a first-stage rotor having an aspect ratio of 
2.9 and incorporated a part-span damper to eliminate potential aeroelastic problems. 

A number of damper configurations were tested in an attempt to maximize aerodynamic per- 
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formance and to maintain ntructural integrity. The rooulto are reported in referencea 
20 to 22. None of thone confiqurationn achieved the dooirod efficiency levels. 

The firct stage was redesigned to accommodate a rotor having an aspect ratio of 1.5, 
which eliminated the need for the dampers. The design and performance of the fan 
incorporating the low-aspect-ratio first-stage rotor are presented in reference 17. 

This modification resulted in a fan having excellent performance. 

The fan with the low-aspect-ratio first-stage rotor was judged to be hub critical in 
terms of the blade elements that were controlling the stall line at the higher speeds. 
This judgment was in port based on the insensitivity (lack of movement) of the stall 
line to casing treatment. In addition the blade-element data indicated that the stall 
line was most likely being controlled by the flow in the hub region of the second stage 
(ref. 17). 

The end-wall boundary layer measurements were obtained in the two-stage fan having 
the low-aspect-ratio first-stage rotor, contrary to statements in reference 18, as 
noted earlier in this paper, circumferentially grooved casing treatment was not in- 
stalled over both rotors during the boundary layer surveys. The rotor-tip cunning 
clearances were estimated to be 0.04 cm at design speed. The stator design incorporated 
a full ohordwise platform at the tip, therefore eliminating the clearances. 

The design of the low-aspect-ratio first-stage rotor considered an inlet-tip bound- 
ary layer total pressure based on unreported boundary layer survey data obtained with 
the configuration reported in reference 21. This resulted in the f irst-stage-rotor 
blading having leading-edge end-wall bends. The computer program used in the design and 
described in reference 23 was unable to handle the measured steep total-pressure gradi- 
ent through the outer-wall boundary layer region. To alleviate this problem, the total- 
pressure distribution was tempered and combined with an end-wall blockage allowance of 
0.01. It was expected that this modified accounting of the boundary layer would more 
closely aline the blade with the flow entering the rotor at the tip and result in 
reduced losses. At the other stations in the two-stage fan, the hub and casing boundary 
layers were accounted for by increasing the flow loss in the end-wall regions and adding 
a blockage allowance. The blockage allowances at the tip were 0.013 at the first-stage 
rotor exit, 0,018 at the first-stage stator inlet, and 0.020 at all other leading- and 
trailing-edge locations. Blockage allowances at the hub were the same as those at the 
tip. The combined hub and tip blockage allowance is given in table II, 

The general level of blade loading is indicated by the design diffusion factors at 
the tip of the first- and second-stage rotors of 0.451 and 0.410, respectively, and the 
first- and second-stage stators of 0.472 and 0.464, respectively. The definition used 
in calculating the diffusion factors is given in appendix A. 


Compressor Test Facility 

The two-stage fan was tested in the multistage compressor facility, which is de- 
scribed in detail in reference 20. A schematic diagram of the facility is shown in fig- 
ure 3. Atmospheric air enters the test facility at an inlet located on the roof of the 
building and flows through the flow-measuring orifice, through the inlet butterfly 
throttle valves, and into the plenum chamber upstream of the test fan. The ait then 
passes through the test fan into the collector and is exhausted either to the atmosphere 
or to an altitude exhaust system. Mass flow is controlled with a sleeve valve in the 
collector. For this series of tests the large inlet butterfly valve was positioned 
fully open to provide near atmospheric pressure at the inlet to the fan. The air was 
exhausted to the atmosphere. 


Instrumentation 

Radial surveys of the flow conditions between 1 and 30 percent of passage height 
from the casing wore made at the fan inlet, behind each rotor, and behind the two 
stator-blade rows (fig, 1). Indicated values of total pressure, static pressure, total 
temperature, and flow angle were measured with combination probes (fig. 4). Wall static 
pressures were also recorded at each survey station. Each probe was alined in the 
strearowise direction with a null-balancing control system. The thermocouple material 
was Chrorael-oonstantan. All pressures were measured with calibrated transducers. Two 
combination probes were used at the compressor inlet, behind each rotor, and behind the 
first-stage stator; four combination probes were used behind the second-stage stator. 

The circumferential locations of the probes and wall static taps at each measuring 
station are shown in figure 5, The probes behind the stators were circumferentially 
traversed one stator-blade passage clockwise from the nominal values shown. The fan 
mass flow was determined with a calibrated thin-plate orifice located in the inlet 
line. An electronic speed counter, in conjunction with a magnetic pickup, was used to 
measure rotative speed (rpm) . 

The validity of using the combination probe for obtaining boundary layer measure- 
ments was established by comparison with the survey probe and boundary layer rakes mea- 
surements reported in reference 24. These boundary layer rakes were used in conjunction 
with the combination probes when obtaining the unpublished inlet-casing boundary layer 
measurements used in the design of the low-aspect-ratio first stage and discussed 
earlier. Excellent agreement was obtained between the survey probe and the boundary 
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layer rokoo to within 1 percent of span. Thio in part ic attributed to the accuracy to 
which the ptof»o can be pooitioned in the radial direction. 

The orrora in the data ontimated from the inherent accuracy of the inctrumontation 


and the recording oyotemn are ac followoi 

Mans flow, kg/aec .......... ............... tO.3 

Rotative speed, rpm , ............ t30 

Flow angle, deg ±1 

Temperature, K. ±0.6 

Total prensure (otationo 1 and 2} , N/cm^ ±0.07 

Total proGourO (otation 3), N/cro^ ..... ±0.10 

Total preGsute (otatione A and 5), N/cm^ . ±0.17 

Indicated static prescure (ctations 1, 2, and 3), N/cm^. .... ±0.07 

Indicated static pressure (stations A and 5), N/cm^ ±0.17 

Radial position, cm ±0.003 


original 

OR POOR 


Test Procedure 

The data for the boundary layer surveys were taken at three mass flows ranging from 
maximum flow to near stall at design equivalent rotative speed. At each flow condition, 
data were recorded at 10 radial positions at each of the five measuring stations. At 
the fan-inlet and rotor-exit stations (stations 1, 2, and 4) , radial distributions of 
total pressure, static pressure, total temperature, and flow angle were recorded. At 
each radial position behind the stators (stations 3 and 5) the combination probes were 
circumferentially traversed to 10 equally spaced locations across a stator-blade gap. 
Values of total pressure, static pressure, total temperature, and flow angle were re- 
corded at each circumferential position. 


Data Reduction 

Redundant measurements at each measuring station were arithmetically averaged. 
Indicated total pressures and static pressures were corrected for streamline slope, and 
total temperatures were corrected for recovery based on Mach number, streamline slope, 
and pressure environment (ref. 25). The measured temperature was then adjusted to the 
streamline (radial position) of the pressure measurement. All data were corrected to 
standard-day conditions based on values at 30 percent of the passage height at the 
first-stage rotor inlet. At the stator exits, radial distributions of gap-averaged 
(axisymmetrlc) parameters were obtained as follows: the circumferential distributions 

of total temperature were mass averaged, total pressure was energy averaged, and flow 
angle was arithmetically averaged. Circumferential distributions of parameters were 
obtained as follows: the Mach number at each radial and circumferential position behind 

a stator was calculated from the measured total pressure at each radial and circumferen- 
tial position and an arithmetically averaged static pressure at each radial position, 
absolute velocity was calculated from the Mach number and measured total temperature, 
and absolute velocity and measured flow angle were used to calculate axial and tangen- 
tial velocity components. 


Selection of Static Pressure 

Total-pressure, total-temperature, and flow angle measurements were taken at 10 
radial positions between 1 and 30 percent of passage height from the casing. To acquire 
static pressures for the boundary layer surveys, the side balancing holes on the com- 
bination probes (fig. 4) were manifolded to read an Indicated static pressure. Figure 6 
is a comparison of the measured static pressures at station 1 from the boundary layer 
surveys at a mass flow of 34.23 kg/sec and calculated static pressures from full- 
passage-height surveys at 34.27 kg/sec (ref. 17). At 30 percent of passage height the 
measured static pressure was lower than the calculated static pressure. 

The calculated static pressures were determined by using design end-wall blockage 
values. It would appear that. If the blockage value were adjusted until the calculated 
value at 5 percent of passage height matched the wall static value, the calculated value 
at 30 percent of passage height would nearly equal the measured value as well. 

Since the accuracy of the static-pressure measurement was uncertain near the casing, 
it was assumed that a linear distribution of static pressure between the wall static 
and the measurement at 30 percent of passage height could be used to reduce the 
boundary-layer survey data. However, all measured static pressures are available from 
reference 18, 
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Boundory Layer Calculation rroccduro 

The procedure uoed in calculating the ond-woll boundary layer paramoboro irom 
mooGurod data wan baood on a concept original! ’ prooented by von Dyke »rot. 26) and 
referred to an "matched anymptotic expannion." It wan extended to turbomachinory flown 
by Mollor and Wood (ref. 6) an a meona of ooparoting the core flow from the end-wall 
boundary layer, flow and eotabliching the boundary layer edge. Ludwieg and Tillroan'o 
empirical relationahlp (ref. 27) wan uaed to calculate a nkln friction coefficient, 

A oirailar approach in uced by deRuyck and Ilircch in their axial compreaaor end-wall 
boundary layer prediction method (ref. 13), Gchmidt in evaluating the performance of a 
oonic inlet (ret, 24) alao unen thin banic procedure. A detailed deccrlption of the 
procedure in given in appendix B, A graphical dencriptlon of the inviecid velocity pro- 
file and the boundary layer profile obtained from the meaaured velocity profile jvhon 
applying thin procedure in given in figure 7. 


nBSULTS AND DISCUSSION 

The overall and atage performance of the two-otago fan la preaented in figurea 8 
and 9. Pigurea 10 to 14 chow the radial dletributiona oi variouo flow paramotera 
between 1 and 20 percent of paooage height at each meacuting atation. Figure 15 pte- 
aenta radial and circumferential diotributlona of axial velocity at the ctator exitc. 

The data in thece figurea are proconted in tabular form in reference 18, The calculated 
boundary layer paramotera are proconted in table III, The calculated blockage factoro 
baaed on meaaured data are compared with deoign valuee in table IV. 


Overall and Stage Performance 

The overall performance of the two-ctago fan with the low-aapect-ratio firat-atago 
rotor ia proaontod in figure 8, At the dea.'gn tip apood of 429 m/nec the fan achieved a 
peak efficiency of 0.846 at a pcecauro ratio of 2.471. Arrows pointing to the doaign 
speed line indicate the locations whore the boundary layer data wore obtained. The 
stage performance ia given in figure 9. The first stage achieved a peak efficiency of 
0.870 at a pressure coefficient of 0.257 (pressuto ratio = 1.655). The second stage 
achieved a peak efficiency of 0.842 at a pressure coefficient of 0,260 (pressure ratio = 
1.494) . 

A detailed examination of the blade-element data for the fan indicates that the 
stall line near design flow was moot likely controlled by the flow in the hub region of 
the second stage. Unreported teat reoults obtained on the first stage operating as a 
single stage indicate a stall flow of 30.8 kg/oec, which was appreciably below that for 
the two stages. This is further evidence that the stall line was being controlled by 
the second stage. 


Radial Distributiona at Measuring Stations 

The results presented in figures 10 to 14 are for doaign apeed at three equivalent 
mass flows: 34.63 kg/sec (neat choke), 34.23 kg/seo (near peak efficiency), and 
34.01 kg/sec (near stall). The solid lines in the figures are design values and the 
symbols are measured values. The boundary layer edges calculated by the previously 
described procedure are noted in the figures. 

Fi rst-stage rotor inlet (station 1) . - The wall boundary layer at the fan inlet was 
the most clearly identifiable and is reflected in the defect in total pressure neat the 
wall and the associated relatively steep gradient in axial velocity (fig. 10). Since 
the fan did not employ an inlet guide vane, the end-wall boundary layer flow at this 
location was collateral, and thus a classical two-dimensional boundary layer existed. 

The outer casing curvature at the fan inlet (fig, 1) tended to induce an axial velocity 
gradient over a greater portion of the blade apan than that caused by the defect in 
total pressure. 

Note that the calculated boundaty-layer-edge location determined by applying the 
van Dyke-Mollor-Wood approach (appendix B) was et approximately 15 percent of span from 
the tip (fig. 10). Even through the plots show a neatly constant total pressure beyond 
10 percent of span, the tabular data presented in reference 18 show that the total pres- 
sure decreased slightly from approximately the 15 percent spanwise location. This 
somewhat validates the procedure for separating the inviscid effects (in this case 
streamline curvature) from the viscous end-wall boundary layer effect in establishing a 
boundary-layer-edge location. This application provides some confidence for generally 
applying this procedure. However, it ia recognized that validation of the procedure 
with the two-dimensional collateral boundary layer flow at the fan inlet does not re- 
present a complete validation of the procedure with the three-dimensional skewed bound- 
ary layer flows at the other blade-row stations. 

The axial velocity was higher than design over most of the outer 30 percent of the 
passage height (fig. 10). This velocity difference was due at least in part to the mass 
flow being higher than design. The measured velocity decreased rapidly from 5 percent 
of span to the outer wall, and this was consistent with the decrease in total pressure. 
The tempered total-pressure gradient used in the design at the rotor inlet resulted in a 
radial mismatch in relative flow angle and thus in incidence angle from design, as would 



22-7 


OF Q:''AL!TY 


bo oxpeetod. Tho eomparioon of dooiqn and tnoacurcd tofal-procouro diatributiono through 
tho ond-wall region illuotrntoo q donign problem, I'he meanured total-ptooourG profile 
rofloctD the real flow Iona gradient, but tho dooiqn total-prooouto profile rcflocto the 
tho approximate loco gradientn that can bo accominodatod in typical axiDyramotric dooiqn 
calculations. The differencoo reoultcd in tho need for an end-wall flow blockage 
correction and an unavoidable mismatch in relative flow angle and incidence angle from 
tho design intent. This came reasoning, of course, applies at all blade-row inlet and 
outlet stations, A slight increase in total temperature was detected that is difficult 
to explain but often observed. 

First- and nocqnd-atago^ rotor exits (ntattonr. 2 and 4) . - Similar trends in tho 
radi'o'i dlotFiFu'tToh 6TTlovrpafomFte'rF"W the first- and socond-otago rotor 

exits (figs. 11 and 13). Prom approximately 10 percent of span to the outer wall tho 
parametorc deviated appreciably from froe-streoin values, reflecting the impact of the 
end-wall boundary layer on those parameters. The calculated boundary layer edge won in 
close proximity to tho rapid falloff in velocity. For both rotor rows the penetration 
of the hlgh-loDB region (composed of end-wall lioundory layer and associoted secondary 
flows) into the free stream was approximately one-half that of tho staggered spacing, 
a penetration parameter suggested by Smith (ref. 4). 

As shown by the radial distributions of flow angles in figures 11 and 13, the bound- 
ary layer flow behind the rotors was a highly sinewed, three-dimensional flow, in con- 
trast to tho two-dimensional end-wall boundary layer that existed at the first-stage 
rotor inlet. The data show axial velocities in tho high-shear end-wall region that are 
appreciably lower than froe-stream values and are consistent with the decay in total 
pressure near the wall. The lower axial velocities resulted in higher end-wall energy 
additions, as reflected in the tangential velocities and the temperature. This higher 
energy addition existed even though the ;;Glativo flow angles reflected higher deviation 
angles and lower relative flow turning than free-stroam values. The lower end-wall 
total pressure coupled with the high terapcratui.e reflected a low tip-region efficiency 
for the first stage. It was not as obvious for the second stage because of the radial 
gradients in flow parameters at both the rotor inlet and exit. However, close examina- 
tion revealed the same to be true for the second Stage. The much higher than design 
absolute flow angles in the end-wall region at tho rotor exits reflected a higher than 
design incidence coming into the stators. 

First- and second-stage stator exits ( stations 3 and 5). - Tho trends in flow 
parameters behind the stators (figs, 12 and 14) were similar to those observed behind 
the rotors (figs. 11 and 13), However, the magnitude of the gradients was greatiy 
reduced. The tempering of tho end-wall gradients as the flow pas.oed through the stator 
was particularly evident when comparing the axial velocity profiles between stations. 

The gradient in axial velocity near the wall at the stator-exit measuring stations 
(figs. 12 and 14) was much less than that at the rotor-exit measuring stations (figs. 

11 and 13) . Prom figures 12 and 13 it can bo seen that the total-temperature profile 
leaving the first-stage rotor was redistributed as it passed through the following 
stator. Measured total temperatures near the wall at the stator exit were lower than 
the corresponding temperatures at tho rotor exit. Conversely, total temperatures in the 
free-stream region were higher at the first-stage stator exit than at tho first-stage 
rotor exit. This redistribution of total temperature is considered to be a result of 
mixing. It is reasoned that the mixing would increase with larger axial spacing between 
blades and thus could be greater for this fan than for fans with closely coupled blade 
rows. Note that the calculated boundaty-layer-edge location was far inboard of the mote 
noted falloff in axial velocity. This could also be a result of flow mixing. The plots 
of absolute flow angle show a 6° overturning of the flow neat the casing (past the 0° 
design outlet flow angle) at the first-stage stator exit and a 4® overturning of the 
flow at the second-stage stator exit. This reflects the strength in the crossflow com- 
ponent from tho pressure surface to the suction surface within the stator passage. 


Circumferential Distributions at Stator Exit Stations 

The radial and circumferential distributions of axial velocity behind the first- and 
second-stage stators (stations 3 and 5) are plotted in figure 16 for a mass flow of 
34.23 kg/sec. For clarity, only 5 of the 10 radial positions at each station ate 
plotted. The wakes behind both stators were less pronounced at 30 percent of the pass- 
age height than at 3 or 4 percent of the passage height. This reflects an increase in 
flow blockage caused by the nonaxisymmetr ic flow field neat the walls. The wake also 
appeared to shift circumferentially toward the pressure side of the blade near the tip 
of both stators. This reflects the crossflow component from the pressure surface to the 
suction surface, which results in the overturning noted earlier. The axial velocity at 
the edge of the wake on the suction side of the blade was significantly lower than the 
corresponding velocity at the tip on the pressure side. This velocity imbalance existed 
at 1 and 2 percent of passage height and was nearly gone at 3 or 4 percent of passage 
height. The data indicate that the gap-average profile used in the boundary layer cal- 
culations did contain secondary flow effects and that the classical boundary layer para- 
meters calculated from the measured data reflect the presence of this secondary flow 
field. 
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Boundary hayot Colculationn 

The boundary layer patarootero calculated from the inoaoutod data are precentod in 
table III. Only email differoncoo ore noted between the different flow polntD. Thlo 
might bo expected becauce of the relative clooonoDO of the pointo, coupled with the fact 
that the fan did not appear to be tip critical, an dineunned earlier, it in roaooned 
that only when the tip in critical would an increano in dioplacoment tblcknoDc an! flow 
blockage be expected for the tip when near otall. It in intoronting that on inc. pren- 
oiblo form factor of 1.0 or lenc for oil axial ntatlono and flow pointc wan calculated 
nince it in generally accepted that an IncomptenDible form foetor in the range of l.U 
to 2.2 oignalo neparation of a two-dlmonoional collateral boundary layer. Thin would 
appear to bo additional evidence that the tip flow acronn the fan did not initiate otall. 

The oaoieot parameter to examine in order to got a phyoicol inolght and appreciation 
for the boundary layer calculation in the blockage factor. With the blockage being one 
minuD the blockage factor the convotoion wan made to compare mcacured blockagoo with 
deoign valuen in table IV. Before dincunoing the comparinonn one muct conoider what 
conotituten the blockage calculated from the meanurod data and what the deoign blockage 
allowance repreoenta. The radial dlotribution of axial velocity wood to calculate an 
end-wall boundary layer in influenced by a number of factor n. Two of theoo factoro 
(fig. 16) are inviacid! otreamline curvature in the meridional plane and varying energy 
leveln of the otrcamllnen along the blade npan. The latter factor generally ronultn 
from a radiaJly varying work input from the rotor rown. Both of thene factoro can 
either incroaoe or decroaoe the level of axial velocity in the ond-wall region. Pactorn 
that are viccoun are the radial distribution of flow looeeo and a blockage typo of 
effect duo to a nonaxiDyinmotric flow field. The radial dictribution of Ioodob includcc 
the blade profile loos, shock loeo, end-wall boundary layer loos, and oecondory flow 
loooeo. The latter two loos sources are ctrongo'’, in the end-wall flow region. The 
blockage effect due to nonaxisymmetric flows must bo applied whenever circumferentially 
mass-averaged parameters, in particular total pressure, arc used to compute the gap- 
averaged flow velocities, This accounts for the mass flow diffetoncos when flow, which 
is an area-averaged quantity, is computed from mass-averaged parameters. Hence the need 
to consider such a blockage when applying deoign procedures, through-flow analyses, 
some data analyses, etc., whore preosureo, temperatures, and angloo used to compute the 
velocity field are, or ate assumed to bo, mass-averaged quantities. The nonaxisymmetric 
flow field and associated blockages ate diacussed in detail by bring in refotoncoo 28 
and 29, 

The difference between measured and design blockage allowances is shown in figure 
17. Typically the design procedures partially account for the higher loss levels in the 
end-wall regions but cannot accommodate the very severe gradients through the end-wall 
boundary layer flows. Hence the need for an end-wall blockage exists, in most cases 
the spanwise blockages associated with nonaxisymmetric flows are unknown and are added 
to the end-wall blockage, ha figure 17 shows, the measured blockage is the cum of the 
equivalent blockage associated with the design end-wall loss gradient Ki and the 
design or.d-wall blockage allcwanee K2. The design blockage allowance includes the 
design end-wall blockage allowance K2 and the blockage associated with the non- 
axisymmetric flow field K3. 

The foregoing discussion delineates some of the flow physics in the compressor end- 
wall flow regions that necessitates the use of blockage factoro in design and analysis 
procedures and points to the difficulty of extracting the needed parameters from mea- 
sured data. Hence a comparison of the design and measured blockages is a subjective one 
at present. The comparisons for this fan are presented in table IV, 

In general, the level of measured blockage agreed reasonably well with the design 
values. For the first-stage rotor the measured blockage was somewhat higher than 
design, and for the exit of the second stator it was somewhat lower than design. The 
measured blockages did reflect an increase through the rotors and a decrease througli the 
stators, Also the measured blockage for the second stage was essentially the same as 
that for the first stage. This could be due in part to the flow mixing noted earlier. 

It was recognized that meaningful blockage factors can be obtained from compressor 
end-wall experimental meaaureraents only if the selection of the boundary layer thickness 
(edge) effectively accounts for all of the viscous flow effects &nd ignores the invisoid 
flow effects. The van Dyke procedure described in appendix B was selected for this 
study since it had these capabilities. Some judgment on the worthiness of the 
van Dyke-Mellor-Wood procedure can be made by applying it to tl.e fan inlet flow. At the 
fan inlet the total-pressure distribution indicates the spanwise extent of the viscous 
effects, and the axial velocity distribution indicates that local streamline curvature 
effects are also present. 

AS noted previously the calculated boundaty-layer-edge location determined by apply- 
ing the van Dyke-Mellor-Wood approach (appendix B) is at approximately 15 percent of 
span from the tip (fig. 10). Even though the plots show a neatly constant total pres- 
sure beyond 10 percent of span, the tabular data presented in reference 18 show the 
total pressure to decrease, starting at approximately 15 percent of span. This somewhat 
validates the procedure for separating the invlscid effects (in this case streamline 
curvature) from the viscous end-wall boundary layer effect in establishing a boundary- 
layet-edge location. This application provides some confidence for generally applying 
this procedure. However, it is recognized that validation of the procedure with the 
two-dimensional, collateral boundary layer flow at the fan inlet does not represent a 
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complete validation oE the procedure with the throe-dlinenoionnl, okowed boundary loyor 
flown at the other blade-row ototionei 

TO provide an Indication of the oonoitlvity of the boundary layer paraiDotero to the 
Delected boundary layer thioknooG (edge) * the boundary layer parameto: J were colculoted 
from the meacurod profilco by arbitrarily oelecting the boundary layer edge at variouo 
opanwico locationo along the mcaoured velocity profile. This otandard boundary layer 
procedure is illuDtrated in graphical form in figure 18 and the rooulto of the calcula- 
tiono are ahown in figure 19. The dato pr'-tif-ntcd in figure 19 ore for the noar-poak- 
oEEiciency flow point, Ploto of axial and tangential momentum thioknooD and axial dio- 
placoment thicknocc are prooented aa a function of Dpanwloe location of the aocuroed 
boundary layer edge for each of the five axial locationc. An can bo noted from the 
figure, the magnitude of the calculated boundary layer poramotoro is a relatively ottong 
function of the anoumed boundary-laycr-odge location. At otationo behind the rotoro the 
calculated boundary layer parametero tend to level off in the region where one might 
asDurae the boundary layer edge to be (fige, 11 and 13) and the edge value determined by 
the procedure preDonted in appendix B. However, at the flrct-Dtago rotor inlet and at 
the exits of each otator the boundary layer paramotero continue to increaoe an the 
aacumed boundary-loyer-edge location io moved to larger percentageo of the opan. Thio 
Id particularly true at ototion 1 and can bo attributed to etrongor otreamllno curvature 
effocto at thio otation. In any caoe the data prooented in figure 19 rofloot the need 
for a Dound procedure for ostabliDhlng the boundary-layer-edge location in a flow field 
that includes both inviocld and viscous effects in terms of the governing factors con- 
trolling the velocity profiles. Although the van Dyke-Mollor-wood procedure for select- 
ing the end-wall boundary loyer edge downstream of rotors and stators cannot bo firmly 
established as valid from the data, it represents the consistent procedure needed to 
carry out an extended correlation of end-wall boundary layer paramotors. 


CONCLUDING REMARKS 

The detailed boundary layer moasurements obtained in the high-tip-spood, high- 
pressure-ratio two-stage fan extend the experimental data base for end-wall boundary 
layer modeling and code verification. Various factors that contribute to the flow 
blockage through a comprossor were discussed , The blockage based on msasured data was 
related to the blockage used in the design and analysis procedures. 

Because specific design and performance features of this fan ptobobly influenced the 
data, some care should be exorcised in applying these results in general. Those fea- 
tures included 

1. Wide axial spacing between blade rows (to alleviate noise generation). This pro- 
vided an unusually long flow path for enhanced flow mixing, which appeared to have a 
significant effect on end-wall gradients and blockage values. 

2. High reaction stages (large static pressure rise across the rotors and low static 
pressure rise across the stators). This may have a significant influence on the trend 
of an Increase in blockage across the rotors and a decrease across the stators. 

3. Pan stall initiated in hub region of second stage. Thio probably was responsible 
for the nearly constant tip blockage over the flow range covered. 

A need therefore exists to provide data to permit generalizing and quantifying the 
influence of the various design and performance features on the end-wall flows. 

Two recent methods to calculate the factors directly or indirectly affecting flow 
blockages have recently been introduced. One is the method proposed by Adkins and Smith 
in reference 16 for calculating the spanwise mixing of the flow as it passes through a 
multistage compressor. This method can be applied directly to a design or analysis 
procedure. The second is an approach to calculating the spanwise distribution of 
blockage due to nonaxisymmetrio flows proposed by Dring in references 28 and 29. This 
approach requires detailed gapwise measurements at the rotor-exit siations and at the 
stator-exit stations to obtain the pertinent data. Both of these methods must be sup- 
ported by relevant experimental data. 

Finally, the data presented reflect the need for improved design approaches 
(methods) to more accurately account for the significant departures in the flow para- 
meters in the end-wall boundary layer region in relation to free-stream values. The 
results of a program conducted on a large low-speed compressor to address this need are 
summarized by Wisler in reference 30. Various designs incorporating end-wall bends into 
the stator blade rows to accommodate the highly skewed end-wall profiles were studied. 
The effects of these design concepts on efficiency and stall margins as well as on the 
local blade-surface velocity distributions were presented. 


SUMMARY OP RESULTS 

This report presents detailed measurements of the casing boundary layer in a 
429-m/sec-tip-speed , two-stage fan. The fan achieved a peak adiabatic efficiency of 
0.851 at a pressure ratio of 2.433 at design speed. The principal results from the mea- 
sured data were as follows: 
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1. Tho ir.oaourcd radial diotributiono of flow pacoiaotcro obtained in the oaolmj 
boundary layer ohowod ohatp dopartureo from tho frcc*otream valuoc at all ourvoy 
otatlono near tho caoing wall. 

2. In thic high-ohoar end-wall flow region at tho rotor exit tho following combina- 
tion of flow condltiono oxiotod! low axial velocity, high energy addition, low pteo- 
euro, low efficiency, high relative flow angloo, and largo deviation angloo. The low 
oboolutc velocity moaoured at tho rotor oxitn noor tho caning reflected a high Incidence 
on the ctator. 

3. In tho end-wall flow rogione downotream of tho otatoro, decro»nod gradiontn and 
incroaoed opanwioo penetration of the end-wall boundary layer (an ccf.parcd with the 
rotor exit) indicated that come mixing occurred in the Clow ocroao ototor rowo. 
Significant ovorturning of flow clone to tho outer wall wan evident. 

4. Over tho complete flow range at 100 percent of deoign npood tho calculated canine 
boundary layer patametern nhowed only email variatlonn with operating eondltiono. No 
indication of boundary layer oeparation wan apparent during near-otall operation. 

5. For thin fan the tip annuluc boundary layer and aooociatod flow blockage in- 
creaoed actonc the cotorn and decrooned acronn tho otatorn, Tho calculated bloekagon 
for the necond otago banod on rooacurod data wore onncntially tho name an thoco for the 
fleet otago. 
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APPENDIX B 


BOUNDARY LAYER REDUCTION PROCEDURE 


Devising a method for separating the inviocld rotational core flow from the end- 
wall boundary layer flow is complicated by the fact that the free stream (edge of the 
boundary layer) velocity is unknown. By using an approximate engineering approach, the 
following turbulent boundary layer data reduction program was developed. 


Prom van Dyke's original concept (ref. 26) and as suggested for internal flows by 
Mellor and wood (ref. 6) » the measured velocity across an annular passage with total- 
pressure variation is given by 


^meas 

whore 

file, 

(edge 


^b + (^inv “ 


(Bl) 


moos measured velocity profile, U^ is the boundary layer velocity pro- 

ny is the curve-fitted invlscid velocity profile, and Uq, is the freo-stream 
■ ■ ■ ‘ ' - - .... ... ^ inviscid, mea- 


U) 

Ul... 

of the boundary layer) velocity. A graphical description oi 


sured, and calculated boundary layer velocity profiles is given in figure 7. 


Ulnv 
and 


Assuming an initial value for Ug, the outer values of the invlscid velocity profile 
were curve fitted to the wall value Ug. With the measured velocity profile U^gag 
an initially assumed Ug, the boundary layer velocity profile Ub was calculated 
from equation (Bl) . The boundary layer integrations were then performed to obtain the 
following momentum and displacement thicknesses! 
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whore 0 io the roornontum thicknoco, 6* io the dioplacomont tbicknoDD, y io the bound- 
ary layer dictance from the wall» 6 In the edge of the boundary layer diotanco# and p 
10 tho dcnoity. 

The comprecolblo form foetor and tho incomprooDlblo form factor ll| are 
w (D4) 


^ (lip - Pr^/\ i (B5) 

where Pr io tho Prandtl number oot ot 0,71, y io the ratio of opcoifie hoato, and 
Mo io tho Mach number ot the edge of tho boundary layer. 

With Uo» Kj, and 0 already calculated, tho akin friction coefficient C[ woo 
calculated by uoing budwiog and Tillman'a rolatlonohip from reference 27 


e 0.123 


/ -1.561 HA /u,,c \ fj, \ 

V } VW/ VtTt} 


(H6) 


whore Ujef id the dynamic viocooity baood on roforoneo temperature and tho reference 
temperature tj^f io 

‘"ref “ '=0 i “e) 

whore tp io tho otatie temperature at the edge of the boundary layer. 

Prom tho already determined boundary loyot paramotoro and Colo'o law of the woke 
tho ohoac velocity con bo calculated, Cole'n law of the wake Id 



where = 0.40, Ci " 5.1, 0- io tho local air velocity at each point in the boundary 
lave", ? io a parameter doocribing the velocity defect law, and W(y/6) io a wavoliko 
fun< ii^«<' ',’jDcribing tho outer wake region of tha boundary layer, 

ivt tho boundary layer edge U “ U^, and equation (B8) bocomoo 




i- in 

H \ 7 


+ c, + 


solving for 2JI(x)/Ki in equation (B9) givoo 
1 


2njxi a 

^1 (Cg/2)' 


TT“ “ / 0 . 1/2 " ^1 


■k‘-m 


(B9) 


(BIO) 


Solving for in equation (B8) given 



where 

and n is the measured boundary layer point foe evaluating U, y, p, and p, 
the shear velocity estimated from the shear stress equation as 


(BID 


(B12) 

Initially, 


“ “e(r) 


(B13) 
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Then equation (Bll) wan iterated for the correct The iterated wan obtained tor 

n a 1 Uirot moaoured poin-< 
t) o 2 (oecond measured point) 

The U|if 5 calculated by using the first and second points wore then averaged to obtain 
the now , From this 0^ and equation (1)13) a new U(> can bo obtained 


(Cf/2) 


1/2 


(B14) 


With this now 0^ the complete iteration loop was repeated until the now Ug had neg- 
ligible change from the old Uq. 
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TAnLR r. - OVERALL DESIGN PARAMETERS 


(a) Two-atage fan 


Fan total-proaouro ratio 2*399 

Fan total-tcnipcrature ratio «•»■**•• 1.334 
Fan adiabatic officiency ..*.»*•*«• 0.849 
Fan polytropic eCficicncy «*•■****• 0.866 
weight flow, kg/coc « 33.248 

Weight flow pot unit frontal area, 

k<j/oec m2 162. 3B1 

Weight flow per unit annuluo area, 

Kg/aec m2 189.016 

Rotative opced, rpm 16042.600 


I^Tlp npeod, m/acc 426.896 


(b) First Qtage 


Rotor total^presBurc ratio 1*629 

Stage total^proooure ratio 1.590 

Rotor total-temperature ratio ....... 1.16? 

Stage total-temperature ratio .»**•*• 1.16? 
Rotor adiabatic efficiency 0.896 

Stage adiabatic efficiency . • « 0.848 

Rotor polytropic efficiency «..*.*., 0*903 
Stage polytropic efficiency ........ 0.8S7 

Rotor head-rise coefficient • • * 0.236 

Stage head-rise coefficient ••».*»*. 0,223 
Flow coefficient .**»*•*«..*»». 0.429 


TAOLE II. - PAN DESIGN 
ObOCKAGE allowances 



Inlet 

Outlet 

Dlockagci 

r percent 

Rotor 1 

2.0 

2.6 

Stator 1 

3.6 

4.0 

Rotor 2 

4.0 

4.0 

Stator 2 

4.0 

4.0 


(c) Second stage 


Rotor total-pressure ratio «*«*»•*.. 1.537 
Stage total-pressure ratio .•«.,»•*. 1.509 
Rotor total-temperature ratio 1.143 

Stage total-tcmperaturc ratio 1.143 

Rotor adiabatic officiency ...,•...* 0.911 
Stage adiabatic efficiency **...*••. 0.670 

Rotor polytropic efficiency . 0.917 

Stage polytropic efficiency 0.877 

Rotor head-rise coefficient ........ 0.26'i 

stage head-rise coefficient 0.256 

Plow coefficient 0.464 
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TMI tB t tl . _■ Mr ASUHrO OOUNDARy LAVf n PAPAMITtnu 


t ion 

Edge 

voloruyi 

Ug, 

n/BBi; 

Mach 

number, 

Mo 

Boundary 

layer 

odgo, 

6, 

cm 

Aklai 

momentun 

Lhlckneoa, 

0x> 

cm 

Axial 

dloplace- 

monk 

thlckneno, 

4x< 

cm 

Tangential 

momentum 

thlckneciD, 

Oj. 

cm 

Blockage 

factor, 

Kb 

Axial 

incora- 

preaalblo 

form 

factor, 

111 

Skin 

friction 
coof f iciont. 
Cf/2 

Shear 

velocity, 

m/occ 




Hacn Iloir •» 14*63 k(j/ccf' tfnoar 

choke) 




1 

i 

Jj 

194.7 

204.0 

102.7 

170.0 

0.591 

.570 

.503 

.460 

2.326 

1,545 

1.213 

0,030 

0,046 

0.1375 

.1030 

.1220 

.1305 

.0716 

0.2009 

,3103 

.1722 

.2042 

.0792 

•0,0567 

.0105 

.02423 

.02536 

0.902 

.967 

.900 

,972 

.906 

1.309 

1.530 

1.290 

1.460 

1.300 

0.00246 
.0014? 
.00259 
.00103 
.00299 J 

9.66 

7.015 

9.296 

2.650 

9,630 




h 

aoo flow o 34,23 kg/ooc 

(near i-oak 

efficiency 

) 



1 

2 

i 

< 

5 

191. 6 
195.1 
106,4 

167.7 
175.0 

0.506 

.540 

.509 

.424 

.444 

2,362 

1.219 

1.515 

0.671 

1,073 

0,1401 

.1505 

.1049 

,1067 

.0607 

0.2164 

.2524 

.1404 

.1631 

.0056 

•0,0460 
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Figure 1. - Flow path of two-stage low-aspect-ratio fan. 
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Figure 10. - Radial distributions at measuring station 1, first-stage rotor inlet. 
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Figure 11. - Radial dIstrlDullons at measuring station 2, (Irsi-stage rotor exit, 
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Figure 12. - Radial distributions at measuring station J, first-stage stator exit. 
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Figure 13. - Radial distributions at measuring station 4, second-stage rotor exit. 
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Figure 14. - Radial distributions at measuring station 5, second-stage slaior exit. 
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Figure 15. - Circumferenlfal variation of axial 
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Figure 18. - standard method of calculating boundary 
layer parameters from measured data. 
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